The noise and gain characteristics of pulsed double-pass (DP) amplifiers operating at low repetition rates are analyzed theoretically and experimentally. The Frantz-Nodvik equations are extended to realize rapid calculation of signal gain in DP fiber amplifiers. At the same time, the rate equations are used to compute the evolution of amplified spontaneous emission (ASE) noise. The effects of the pump scheme, the input energy, and the insertion loss on the gain and noise characteristics are discussed. Based on the simulation results, a new structure Yb-doped DP amplifier is proposed. The experimental results show that the small-signal gain of the DP amplifier can exceed 50 dB. In particular, the average ASE background of the DP amplifier at high-energy output is lower than that of the singlepass amplifier at the same output. This result is quite different from continuous-wave fiber amplifiers.
Improvement of Noise and Gain Characteristics of Low-Repetition-Rate
Double-Pass Fiber Amplifiers
Introduction
The double-pass (DP) configuration is widely used as a pre-amplifier in high power laser systems because of its outstanding efficiency and compactness. In the front end of high power laser facilities built for inertial confinement fusion (ICF), such as the National Ignition Facility (NIF) [1] in America and SG-II facility in China, the ytterbium-doped DP amplifier is a promising scheme to achieve a high-gain output, and make the front end be more compact. The seed pulses of these facilities are generally several-nanoseconds square pulses at 1053 nm with an extremely low repetition rate. In this setup, the gain efficiency and noise characteristic are two key parameters in the fiber amplifier design.
In the communication field, researchers have focused on improving the performance of DP fiber amplifiers for several years [2] , [3] . Some complex mechanisms such as nonlinear effects [4] and pulse overlap [5] have been studied in detail. These reports are helpful in improving the gain efficiency of some DP pulse amplifiers but unfortunately there have been only a few studies regarding the Yb-doped fiber amplifier which is a key element in the front end of laser injection Fig. 1 . Typical structure of a double-pass (DP) fiber amplifier. Elements 1 may be an I/O element and pump combiner; Elements 2 is a reflector, bandpass filter, and pump combiner.
TABLE 1
Parameters of Yb-Doped Fiber Used in the Simulation systems. Furthermore, in spite of having a large gain, a relatively poor noise figure is a serious drawback with DP fiber amplifiers [6] , especially for continuous wave (CW) and low-repetition-rate pulsed operation. With the development of fiber elements for optical systems, this disadvantage is somewhat overcome by inserting spectral filters such as a fiber Bragg grating (FBG) or a bandpass filter (BPF) [7] , [8] , or by using a temporal gate [9] . However, the noise in a DP amplifier still seriously precludes its practical application. Theoretical modeling and numerical analysis provide the necessary guidance for amplifier design. However, few reports have systematically analyzed the factors influencing the gain and noise characteristic of low-repetition-rate DP amplifiers.
In this study, an extension of the Frantz-Nodvik equations that considers the effects of amplified spontaneous emission (ASE) and reabsorption is proposed to rapidly calculate the gain of the Yb-doped DP fiber amplifier. At the same time, the noise characteristic is simulated using the rate equations. The influence of the pump scheme and the signal energy level is discussed. In particular, the significant impact of insertion loss, which is widely observed in experiments [8] , [10] , [12] but ignored in theoretical discussions, is also analyzed. In the experimental section, a high-performance Yb-doped DP amplifier based on two polarized beam splitters (PBSs) is proposed, based on the simulation results. The small-signal gain of the amplifier can reach over 50 dB for a pump power of 800 mW. At this moment, the continuous noise background is reduced to half that of a single-pass (SP) amplifier operating at the same high output energy.
Theoretical Model
The schematic of a typical DP fiber amplifier is shown in Fig. 1 . Elements 1 represents an input/output element such as a circulator or a PBS, and a pump combiner (or a wavelength division multiplexer) for the forward pumping scheme. Elements 2 generally includes a pump combiner (or a wavelength division multiplexer) for the backward-pump configuration, a BPF to remove most of the ASE generated in the first pass, and a reflector to reflect the light.
The one-dimensional amplification in DP amplifiers can be expressed by the same rate equations as for SP amplifiers [13] , but with different initial boundary conditions. The parameters in rate equations are given in Table 1 , details about the parameters refer to [13] .
Assuming that the pump operates in CW mode, and is at a wavelength that is not reflected by the reflector, the initial boundary conditions are as follows:
where P + p in and P − p in are the injecting forward and backward CW pump powers, respectively, which are constant during the amplification process. P + sin is the injecting pulse signal, which is timedependent. α l is the accumulated loss between the first and second pass, and mainly includes the losses due to splicing, insertion loss of elements, and mode mismatch. F (λ) is the filtering effect of the BPF inserted between two passes. The filter in the simulation is a 4-nm BPF centered at the signal wavelength. The filtering effect of allowing only the small portion of ASE to undergo the double propagation at the second stage, is that fewer pump photons amplify the spontaneous emission, thereby increasing the pump efficiency for small-signal amplification [15] .
For continuous pumping by a low-repetition-rate square pulse (must be less than 1 kHz for the Yb-ion), the amplification of the signal by stimulated emission can be separated from the inversion build-up process [15] . Thus, the Frantz-Nodvik equations can be used to permit a fast computation of the gain, instead of a numerical simulation using the complex rate equations. Although the traditional Frantz-Nodvik equations have been widely used in the gain calculation of solid-state amplifiers [5] , [16] , [17] , they are inadequate to analyze the amplification process in a fiber amplifier because the strong reabsorption and the population depletion by ASE can significantly influence the gain. Therefore, the dimension of the wavelength is extended in our simulation to make it valid for a fiber amplifier.
In an end-pumped fiber amplifier, the gain media must be meshed into spatial grids z, where z = c · t, since the inversion distribution is extremely inhomogeneous along the fiber. In each segment, the output fluence F out and the time-varying gain G for light of wavelength λ at the spatial position z can be written as
where
and
In Eq. (2)-(4), the F in = τ 0 I in (0, t )dt is the time-integrated input fluence, which is related to the energy and the area in which the light signal is located transversely, and
is the saturation fluence, σ e (λ) and σ a (λ) are the emission and absorption cross section. n 0 (t) is the inversion distribution before the amplification at t in each segment. n 1 (t) = n − n 0 (t) is the population at the ground state. α(λ) is the loss. F in2 and F out1 are the input fluence of the second pass and output fluence of the first pass, respectively.
In fiber amplifiers, especially in a DP configuration, most of the spontaneous emission (SE) is propagated and amplified along with the signal, decreasing the efficiency. If the pulse is short compared to the radiative lifetime of the excited state, the amplification of the SE can be separated from that of the signal. However, for a very long signal duration, or pulses with a high repetition rate, the build-up and amplification of the SE during the interval between pulses should be considered. In order to precisely estimate the output energy, the calculation distinguishes between two processes. In the initial or build-up process, the upper state population density n 0 (z) is calculated numerically, up to the arrival of a succeeding pulse; it incorporates the effects of the pump, the ASE, and the doping concentration of the active fiber. In the amplification process, there are two further steps. First, the inversion depletion in each spatial segment is calculated to obtain the conservation of inversion that is available for pulse amplification; both the consumption of inversion by natural SE and by ASE are considered. Second, this revised inversion population is used in Eq. (3) to further calculate the final output signal fluence.
The shapes of the pulses are unimportant for estimation of the pulse energy, as input pulses of different shapes but equal energy produce the same inversion distribution [17] . However, in the case of large signal amplification, the temporal shape can become important. With the onset of saturation, the peak power of a pulse grows rapidly and becomes extremely high, inducing nonlinear effects and possibly damaging the amplifier. However, nonlinear effects are neglected in the simulation, although they have a significant impact on the signal gain, especially for high peak-power or high-energy pulses; they are generally minimized in practice with good operation of an amplifier. At the same time, they do not affect the generation of ASE noise.
Simulation Results and Discussion
The ASE in a DP amplifier is generally much stronger than that in a single-pass amplifier, as it is amplified again during the second pass [8] . It is the main limitation for a DP amplifier. In this section, the influence of the pump, injection energy and the insertion loss on the gain, and the ASE noise are discussed to provide guidance for DP amplifier design.
Amplifier Dependence on Pump Configuration
The injection signal in the simulation is a 5-ns square pulse with low energy (100 pJ) to ensure the amplifier is operating in the small signal regime. Three pump configurations: forward pumping, backward pumping, and bi-directional pumping are investigated. 'Forward' and 'backward' refer to the direction of the pump during the first pass. The inversion distributions along the fiber before and after the passage of the pulse are shown in Fig. 2 , assuming at the same pump power (2 W for single-direction pumping and 1 W for bi-directional pumping). The upper lines correspond to the inversion distributions before the passage of the pulse. The colored regions depict the inversion consumptions due to signal and ASE amplification. The inversion distribution for backward pumping in the DP configuration is very similar to that for SP. However, for the forward pumping and bidirectional pumping amplifiers, the peak moves toward the right because the strong backward ASE consumes a large amount of the upper-level population near z = 0.
Figures 3(a) and (b) shows the variation of the total signal gain and the average ASE background with pump power. For bi-directional pumping, the pump power in the simulation is defined as the total pump power at the two ends. For small-signal amplification, the signal and the ASE have approximately the same gain. In the three pump configurations, the backward-pumping amplifier has the smallest gain; this results from the lower value of population inversion distributed near the final output side. In addition, the saturation threshold is lower than that of the other two pump schemes. For the forward and bi-directional pump schemes, the graph (Fig. 3(a) ) separates into two regimes: above a certain pump power, the forward pump configuration is more efficient, and below, the bi-directional configuration. However, the higher gain is accompanied by a higher ASE background (Fig. 3(b) ) for both pump schemes. Although the bi-directional scheme has higher efficiency at low pump power, it is costlier, and the system is more complex. Thus, the forwardpump configuration is more adaptable for practical applications.
Amplifier Dependence on Injection Energy
The dependence of the total signal gain and the average ASE on input signal energy is shown in Fig. 4 ; the forward pumping configuration with a power of 2 W is used,. As expected, both the total signal gain and the ASE decrease with increasing input energy. The average ASE background with small-signal injection is much larger than with large-signal injection because most of the upper-level population inversion is consumed by signal during large-signal amplification. However, the reduction is greater in gain than in the ASE background under a high-energy signal, which results in a degradation of the optical signal-to-noise ratio (OSNR). This result is consistent with the experimental result reported in [10] ; it can be attributed to the generation of backward ASE which cannot be avoided even though the amplifier system is pushed deeply into saturation [10] . In addition, the pulse shape has only a small effect because the inversion consumption is mainly dependent on the pulse energy. Nevertheless, increasing the pulse width reduces the average ASE background. Although the ASE is strongly suppressed by a large injection signal, one should in practice choose a relatively small signal as the seed for a DP fiber amplifier because the DP configuration generally has stronger saturation and nonlinearity [18] than the single-pass structure.
In addition, pulse contrast is another key parameter in evaluating the OSNR of an amplifier in applications such as the high-power laser facility [1] , [19] and optical parametric amplification [20] . Pulse contrast is defined as the ratio of the pulse peak power to the pedestal before the front edge. The output pulse profiles (in a logarithmic variable, dB) and power distributions (in a linear variable, W) for different injection energies are shown in Fig. 5 . Since the interval between pulses is longer than the radiative lifetime, the amplifier reaches the steady state before the pulse arrives. In this case, the leading-edge background is independent of the input energy ( Fig. 5(a) and (b) ) and the pulse contrast can be improved by increasing the seed energy, as the peak power of the output pulse is thereby increased. In contrast (Fig. 5(a) ), the ASE noise after the trailing edge shows a different variation to that preceding the front edge. It can be suppressed with an increase of signal energy, as a result of the energy extraction by pulses. In addition, as seen in Fig. 5(b) , the nonuniform distribution (against input energy) of power along the time axis indicates that the output pulse is distorted significantly with large-signal injection.
Effect of Insertion Loss
Losses are inevitable in any system; in fiber amplifiers, they originate mainly in mode mismatch, splicing loss, and the insertion loss with optical elements. The losses at the injection and output ends have a clear effect, namely, a decrease in the injection energy and final output energy; however, the influence of losses between the two passes is relatively complex. In this section, we mainly focus on the losses that occur between the two passes. Figure 6 (a) shows the decrease in output energy caused by the losses, assuming a forwardpumping configuration. The energy decrease fraction is defined as (E 0 − E α )/E 0 , where E 0 and E α are the output energies for loss fractions of 0 and α, respectively. For a small signal, the gain extraction for the first-and second-pass amplification is low. Consequently, the output energy decreases almost linearly with the loss. However, with an increase in the input energy, the effect of loss on the output energy is gradually reduced. If the input signal is extremely large, the signal energy after the first-pass amplification may be large enough to reach saturated-inversion extraction during the second-pass amplification, even if undergoing a high loss. In this case, the impact of loss is decreased. The experimental results for injection energies of 100 pJ and 1 nJ are indicated by the open symbols in Fig. 6(a) . The simulation results (solid lines) agree well with the experimental results. The normalized ASE background with respect to the loss for a pump of 2 W is shown in Fig. 6(b) . The variations in the ASE are totally different for the small-and large-signal amplification. For the large injection condition, the ASE accompanying the pulses is well suppressed. However, it gradually increases as the loss increases, because more upper-level inversions are used for ASE amplification as the reflected signal energy is reduced by the high loss. For the small injection condition, the signal and ASE undergo almost the same small-signal gain, and the ASE decreases approximately linearly with the loss. The small difference is a result of the natural backwardpropagating ASE.
The ASE for the steady state is related only to the parameters of the active medium and the pump power. Thus, it is difficult to improve pulse contrast through amplifier optimization. However, to a certain extent, the insertion loss has a significant impact on the pulse contrast of the output. Fig. 7(a) and (b) demonstrates the pulse contrast versus insertion loss when using a 4-nm or a 1-nm bandpass filter between the first and second pass through the DP amplifier. The seed is a 5-ns square pulse with an energy of 100 pJ. The output energies with no insertion loss are 11.91 µJ and 13.72 µJ for the 4-nm and 1-nm BPFs, respectively. The result verifies that the reflected ASE significantly reduces the efficiency of amplification. In Fig. 7 , the black line corresponds to the pulse contrast of the first pass (calculated after the BPF) while the red line corresponds to that of the final output. The results show that the loss has almost no influence on the first pass but significantly decreases the pulse contrast of the final output. When using a narrower BPF, the effect of the loss is more pronounced. This is related to the composition of the ASE in a DP amplifier; the output ASE consists of two parts: the amplified narrowband ASE from the first pass, and the SE naturally generated in the backward direction in the amplifying medium. Since the ASE from the first pass has the same gain (with respect to the signal) during the second-pass amplification, we can conclude that the ∼2-dB OSNR reduction (in the zero-loss case) is due to the natural backward SE generated by the amplifier itself. Fig. 7(a) shows the ratio of the natural backward SE to the total output ASE. The ratio of natural backward ASE to the total ASE is lower than 50% when the loss is below 0.9 (10 dB). This means that the residual ASE from the first pass contributes to the main noise in most cases. However, the backward SE comes into prominence at higher values of loss because the reflected ASE and the signal are simultaneously depleted, while the generation of the backward SE is unaffected. This conclusion is supported by comparing Fig. 7(a) and (b) . The pulse contrast in the case of zero loss is higher for both the first and second passes by nearly 5 dB for a 1-nm BPF compared to a 4-nm BPF; this contrast difference is reduced to only 1.6 dB for a loss of 0.9. The reason is that the backward ASE, which cannot be filtered out by the BPF, becomes the main source of noise in the higher loss case.
High-Performance Yb-Doped DP Fiber Amplifier
Using the simulation results, a high-performance low-loss Yb-doped DP amplifier was constructed. All the elements and the active fiber in the system were polarization-maintaining. The schematic of the amplifier was shown in Fig. 8 . A forward cladding pumping was used in the experiment. The Yb-doped double-clad fiber in the amplifier is a large mode area fiber that helps to eliminate the nonlinearity and increase the damage threshold [21] .
Two special designs were applied to enhance the gain and decrease the noise of the amplifier. First, two fibered polarization beam splitters (the insertion loss between the two ports was only 0.35 dB) were used to replace the high-loss Faraday mirror or circulator (typical insertion loss is higher than 3 dB at 1053 nm) in traditional configurations. This significantly reduces the loss in twopass amplification. For the fibered PBS, the beams of light propagating along the slow axes of port 1 and port 2 were aligned on the slow axis and fast axis of port 3, respectively. Thus, the light can be sent back by the right-hand PBS, and separated from the injection signal; the polarization-mode dispersion is thus totally compensated after the double pass.
Second, an isolator is inserted between two passes. As the polarization of the ASE is random, the isolator blocks half of the first-pass ASE that is transferred from port 2 to port 1, while remaining transparent to the polarized signal. Simultaneously, a 4-nm band pass filter is also inserted to remove ASE. Using a narrower filter is able to block more ASE in the second amplification, and further improve the gain of the amplifier. In addition, special treatments are also applied to suppress nonlinear effects, and to prevent reflection to avoid parasitic lasing. The details can be obtained in Ref. [22] .
The input signals are 5-ns temporal-shaped square pulses at a repetition rate of 1 Hz, as used in the simulation. The energy of the input pulses can be changed by adjusting the amplifier in the seeder (not shown in the figure) . The output is measured using an energy meter (Ophir, PD10-pJ-C and PE9-ES-C) after the final BPF. Comparison measurements for the SP scheme are taken at point A following the BPF in Fig. 8 . Fig. 9 shows the total gain at various pump powers for the DP configuration, with and without the isolator and for the SP configuration. An input signal of 100 pJ is used. For small-signal amplification, the gain of the DP amplifier is much higher than that of the SP amplifier; the difference becomes larger with increased pump power. Owing to the high gain, the DP amplifier rapidly saturates, while the SP amplifier still operates at small-signal gain. In addition, the figure (red and blue data points) shows that the isolator improves the total gain of the DP amplifier by nearly 2 dB at high pump power.
Since noise is a big obstacle for traditional DP amplifiers compared with SP amplifiers, the noise characteristics of this DP amplifier were also studied in the experiment. Fig. 10 depicts the average ASE backgrounds of the DP and SP configurations at various output energies. In order to obtain the effective gain in the SP amplifier, 1 and 5 nJ input energies were used, shown by the solid and dotted lines, respectively. The ASE background was measured using a power meter. The result is quite different from the results of continuous-wave amplifiers [2] , [10] , [15] . It is shown that the noise-background curves of the DP and SP configurations intersect at a certain output energy, with the DP configuration noisier below the crossing point and the SP configuration noisier above it. This crossing point moves to a higher energy as the input increases because the SP amplifier requires a higher pump power than the DP amplifier to reach the same output energy. However, for a large signal, the total gains of the two configurations are almost identical because of saturation. In this case, the natural SE comes into prominence [10] , which results in a stronger noise background in the DP amplifier. Nevertheless, the DP amplifier is generally used as a pre-amplifier providing small-signal amplification. In this case, the DP amplifier has lower noise than an SP amplifier that would be providing a large output.
Finally, the pulse contrast at an input of 1 nJ was also measured by using the approach reported in Ref [19] . For the configuration including the isolator, the pulse contrast is improved by nearly 2 dB compared to that without the isolator, and by nearly 3 dB compared to that for the SP configuration, when the output is 6 uJ. The difference is gradually reduced as the DP amplifier reaches saturation. This result indicates that the reflected ASE is the main source of noise in a DP pulsed amplifier operating at a low-repetition-rate for small-signal amplification. In this case, the pulse contrast can be improved by using a narrower BPF between the two passes to prevent the ASE from undergoing a second amplification, or by increasing the injection signal energy to improve the peak power of the output signal.
Conclusions
In conclusion, the impact of pump scheme, input energy and insertion loss on the gain, average ASE noise, and pulse contrast of the Yb-doped DP amplifier was investigated theoretically. The results show that the bi-directional pumping configuration has the highest efficiency but also the highest ASE background. In comparison, the forward pumping scheme is a better choice in practice. Both the total signal gain and the ASE decrease as the input energy is increased; however, the rates of decline are different. An optimal input energy can be found to obtain the highest optical signal-tonoise ratio. In particular, it is found that the insertion loss between the two passes of a DP amplifier has a significant effect on the performance. Its detrimental effect on the total gain decreases with increasing input-signal energy. Nevertheless, the dependence of the ASE background on insertion loss under large signal injection is totally different from that under small signal injection. In addition, the source of noise in a DP amplifier was also investigated. The results indicate that, in most cases, the noise primarily originates in the reflected ASE amplified during the second pass. Finally, a new structure of DP amplifier was constructed based on the simulation results. It shows excellent performance in small-signal amplification; the total gain can exceed 50 dB, while the noise background is much lower than the SP amplifier operating at the same output. The proposed DP amplifier demonstrates excellent ASE suppression. We believe the simulation and experimental results are a contribution to the development of Yb-doped DP amplifiers operating at low-repetition-rates.
